Abstract: This paper reports the possibility of a facile optical structure to realize a highly efficient monochromatic amber-emitting light-emitting diode (LED) using a powder-based phosphor-converted LED combined with a long-wave pass filter (LWPF). The capping of a blue-reflecting and amber-passing LWPF enhances both the amber emission from the silicate amber phosphor layer and the color purity due to the blocking and recycling of the pumping blue light from the InGaN LED. The enhancement of the luminous efficacy of the amber pc-LED with a LWPF (phosphor concentration 20 wt%, 39.4 lm/W) is 34% over that of an amber pc-LED without a LWPF (phosphor concentration 55 wt%, 29.4 lm/W) at 100 mA and a high color purity (> 96%) with Commission International d'Eclairage (CIE) color coordinates of x = 0.57 and y = 0.42. 
Introduction
Technologies for achieving high-efficiency and high color rendering index (CRI) white phosphor-converted light-emitting diodes (pc-LEDs) have been studied actively in recent years for solid-state lighting applications. Generally, pc-LED methods to obtain white emission involve the mixing of the unabsorbed blue emission from a blue AlGaInN-based LED and the down-converted yellow or green/red emissions from phosphors [1] [2] [3] [4] [5] . At present, this 'partial' down-conversion concept of using color conversion phosphors in combination with blue LEDs has been widely adopted in lightning and display devices. Otherwise, it is rarely discussed in relation to producing monochromatic or high-color-purity light from pc-LEDs [5, 6] . However, very recently, the 'full' down-conversion approach was presented by Muller-Mach et al. in a study that realized a highly efficient amber-emitting allnitride pc-LED [2] . They produced a high-color-purity (>96%) amber pc-LED to overcome the low efficiency problem of direct amber-emitting LEDs when used with high-color-purity (Ba,Sr) 2 Si 5 N 8 :Eu 2+ phosphor (>98%). When producing colored light from the full downconversion of a pc-LED, it is important to match the light and optical properties to the requirements of the user.
Typically, amber LEDs are used in automobile applications or in traffic signals. Furthermore, amber LEDs are promising as an illumination light source for photolithography rooms because the absence of blue LEDs protect photoresists from exposure under illumination.
Although it is possible to obtain a full spectrum of colors from III-V-based LEDs and related compounds, it appears to be difficult to achieve reasonable efficiency for emission in the deep green to amber region of spectrum between 510 -610 nm. This is well known as the "green window" or "yellow gap" problem [7] [8] [9] , and it impedes the use of efficient amber color from a direct emissive LED for applications as indicators in automobiles or traffic signals. Hence, Muller-Mach et al. initiated the 'full' down-conversion approach to solve a problem with low LED performance at wavelengths in the yellow gap region [7] . Simultaneously, they used a densely sintered translucent ceramic of (Ba,Sr) 2 Si 5 N 8 :Eu amber phosphor to overcome the scattering problem in a powder-based phosphor system. Although they pioneered an innovative approach to produce highly effective monochromatic light from pc-LEDs for general lighting applications, all types of phosphors cannot be sintered easily into highly efficient ceramic phosphors. Furthermore, pc-LEDs coated with powder-based phosphors remain the dominant technology in current lighting applications, as easy control of the coating process is technically acceptable during the packaging process of pc-LEDs. Meanwhile, very recently, Chi et al. introduced an omnidirectional-reflective (ODR) coating on white LED combined with red, green, blue phosphor and UV LED to recycle and block the UV light from the LED chip [10] . With this approach, they obtained a highly efficient white LED based on the recycling of UV light.
At present, the ODR approach allows the proposal of a simple and facile idea to realize amber light pc-LEDs using powder phosphors in association with a blue-mirror-yellow-pass filter.
In a conventional approach for obtaining monochromatic phosphor color using blueexcited pc-LEDs coated with powder-based phosphors, the phosphor layer should be thick and highly concentrated to block the unabsorbed blue emission from the pc-LED. This approach is hampered by the low phosphor conversion efficiency due to the additional scattering associated with the high concentration of the phosphor content in the paste. Instead of increasing the phosphor content, a long-wave pass filter (LWPF) is introduced here on top of a silicate ((Sr,Ba,Ca) 3 SiO 5 :Eu) amber phosphor-coated InGaN-based LED die to block and recycle unabsorbed transmitted blue emission. This LWPF functions as a mirror for blue LED light and as a window for the amber phosphor emission. This approach stands on contrast with the concept of a short-wave pass filter (SWPF, also known as a light-recycling filter (LRF)) which recycles the backward emission of the phosphor layer into the blue LED, as previously reported by the authors [11, 12] . Therefore, the present paper reports the possibility of a facile optical structure to realize a highly efficient monochromatic amber-emitting pc-LED using a powder-based amber pc-LED combined with a LWPF. In addition, the blocking and recycling capability of three different types of LWPFs from unabsorbed transmitted blue emission is assessed with the concentration of the amber phosphor powders in the paste.
Experimental methods
To examine the effect of the LWPFs experimentally, three types (A1, A2 and A3) of dielectric LWPFs were fabricated on glass substrates. For the fabrication of the LWPF stacks, terminal eighth-wave thick TiO 2 (A1: 23 nm, A2: 24 nm, A3: 25 nm) and quarter-wave thick SiO 2 /TiO 2 (A1: 69/46 nm, A2: 72/48 nm, A3: 73/50 nm) films were coated onto a glass substrate by e-beam evaporation at 250°C. The base pressure in the e-beam chamber was fixed at 4.0 x 10 −5 torr. The deposition was performed at an acceleration voltage of 7 kV with an oxygen partial pressure of 1.9 x 10 −4 torr. Three different types of LWPFs were deposited on glass substrates with different thicknesses for the TiO 2 and SiO 2 , as summarized in Table  1 . The refractive indices (n) and extinction coefficients (k) of the e-beam evaporated SiO 2 and TiO 2 films were measured using a spectroscopic ellipsometer (Sentech, SE800). The detailed wavelength dispersion of the n and k values of the as-grown SiO 2 and TiO 2 films were reported previously by the authors [11] . These measured n and k values were used to simulate the reflectance (R), transmittance (T), and absorption (A) in the design of the three types of LWPFs.
To fabricate the pc-LEDs, a blue chip (λ max = 455 nm) was used simultaneously as a blue light source and an excitation source for the amber phosphor. Silicate ((Sr,Ba,Ca) 3 SiO 5 :Eu) amber powder phosphors were also used in this experiment. (Sr,Ba,Ca) 3 SiO 5 :Eu amber phosphors were synthesized through a solid state reaction. The synthetic procedures followed the procedures detailed in a previous publication by Park et al. [13] . The emission color of (Sr,Ba,Ca) 3 SiO 5 :Eu can be tuned by the Ba/Sr/Ca ratio and the Eu doping concentration over a wide range of colors. Various amounts of amber phosphors (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, and 60 wt%) were dispersed in a silicone binder, and the same amounts of resulting phosphor pastes were dropped onto a cup-type blue chip to make the pc-LEDs. On top of the various amber pc-LEDs, a LWPF-coated glass substrate was attached with an air gap.
The forward emissions of the emission spectra from the conventional blue LED, blueexcited pc-LEDs and blue-excited pc-LEDs with the LWPF-coated glass substrates were measured in an integrated sphere using a spectrophotometer (PSI Co. Ltd., Darsar). Luminous efficacy and quantum efficiency are defined as the brightness and integrated emission spectra of both the (Sr,Ba,Ca) 3 SiO 5 :Eu-coated conventional and LWPF-assisted LEDs, respectively, at a constant current or power. The external efficiency and color purity of the three types of LWPF-coated amber pc-LEDs were compared with the current at various phosphor concentrations. The thicknesses and structures of the LWPF were measured with a fieldemission scanning electron microscope (FESEM) (JSM 7401F, JEOL) operated at 10 kV. Fig. 1 . Schematic diagram of the silicate amber phosphor-coated LED device structure with the embedded amber light passing through and blue light reflecting from the dielectric multilayer coated glass substrate. The enlarged side view shows the mechanism of the enhancement of the forward emission from the amber phosphor layer and the basic sequence of the modified quarter-wave stacks of the LWPF. Figure 1 shows a schematic diagram of the silicate amber phosphor-coated LED die covered with the LWPF multilayer coated glass substrate. This figure shows the mechanism of the backward reflection from the forward unabsorbed emission of blue LED into the amber phosphor-coated LED die. The high transmission of the LWPF stacks at the amber wavelength allow the most of emitted amber light in the escape cone to pass through the LWPF-assisted substrate. In addition, the high reflectance band of the LWPF stacks at the blue wavelength can block the transmission of blue and redirect the unabsorbed blue light to the amber phosphor layer coated onto the LED die/cup if a large amount of blue light passes through phosphor layer. Therefore, the full conversion of the forward emission from the amber phosphors of the LWPF covered pc-LED die is due to the high reflection and reexcitation of unabsorbed blue light from the LED into the amber phosphors as well as to the high transmission of the forward emission of the phosphors. For the design of the LWPF multilayer films for the blue-excited pc-LEDs, the characteristic matrix method was used to simulate the reflectance (R), transmittance (T), and absorption (A) of the optical structure of LRF stacks [11, 12, 14] . As previously reported for an omnidirectional-reflective (ODR) filter for near UV-excited pc-LEDs [10] , a conventional quarter-wave film of alternating high-and low-refractive index dielectric films is considered (C) 2010 OSAto be a candidate for LWPF dielectric stacks for blue-excited pc-LEDs. However, a conventional quarter-wave film shows stronger interference oscillations of its transmission peaks in the long wavelength region, as determined in the simulations [see Fig. 2(a) ]. This can decrease the transmission of emission light from the phosphor layer. In this study, a stack of modified quarter-wave films is proposed as a good candidate for a LWPF substrate. The simulated spectra also indicate that the modified stacks used here are more transparent of transmitted light in the amber region compared to conventional quarter-wave stacks. The basic sequence of the modified quarter-wave stacks for LWPF used in this study is shown in the inset of Fig. 1 . This sequence simply entails the addition of a pair of eighth-wave layers of high-index layers to the quarter wave stack, one at each end, as delineated by the following formula.
Results and discussion
Here, the combination 0.5H(L)0.5H (eighth-wave high-index TiO 2 (0.5H) and quarter-wave low-index SiO 2 (L); 0.5TiO 2 (SiO 2 )0.5TiO 2 ) between the glass substrate G and air A is repeated m times. As shown in the simulation results in Fig. 2(b) , the reflectance at the blue region increased as the periodic number of stacks was increased to m = 9, becoming saturated above m = 9. Meanwhile, the long-wavelength edge of the reflectance band was tuned by controlling the basic period of the dichroic multilayer. In the simulation, the thicknesses of the high-index (TiO 2 ) and low-index (SiO 2 ) films were varied to tune the spectral position of the reflectance band. In this publication, we fabricated three different types of LWPFs with m = 9 (A1 = 503, A2 = 517 nm and A3 = 527 nm at band-edge of long-wavelength) as capping filters to analyze the effect of LWPF films on the forward emission of pc-LEDs with (Sr,Ba,Ca) 3 SiO 5 :Eu silicate powder-based amber phosphors. The inset in Fig. 3 shows a side-view scanning electron microscopy (SEM) image of an actual fabricated A3-LWPF dielectric multilayer comprised of modified, alternate TiO 2 and SiO 2 quarter-wave films of the nine periods. This image indicates that the thicknesses of the obtained TiO 2 /SiO 2 films satisfactorily match those of the dielectric films in the designed LWPFs. The measured transmittance spectra of the three different types of short-wavelength mirrors and long-wavelength windows are shown in Fig. 3 . The long-wavelength edge of the high-reflectance band shifts toward a greenish color with an increase in the lattice parameter of the nine periods of the modified quarter-wave films. This figure also compares the transmittance spectra of three LWPFs and the normalized EL spectrum of a pc-LED with silicate amber phosphors. The figure clearly indicates that the emission band of the blue-excited pc-LED at a shorter wavelength can be overlapped with the reflection bands of the LWPFs at shorter wavelength. Otherwise, the transmittance of the blue-excited pc-LED at the amber region is maintained in excess of 90%, as the overlap between the emission band and the reflectance band is minimized. The forward emission spectrum, external efficiency, brightness and color purity of the three types of LWPF capped pc-LEDs were compared with various phosphor concentrations. Figure 4 (a) shows the equal-power emission spectra of a conventional blue-pumped silicate phosphor pc-LED and three LWPF multilayer-assisted silicate pc-LEDs at the integrated sphere. All of the samples have the same phosphor concentration of 5 wt% in a silicone matrix. Here, the vertical output spectrum is the sum of the non-absorbed blue light and the forward phosphor emissions. The LWPF capped pc-LEDs showed much weaker intensities than the conventional pc-LED at the blue LED emission wavelength and slightly higher intensity than that of a conventional pc-LED at the amber phosphor emission wavelength. The intensity at the amber emission region is the highest in the A3 LWPF case. Figure 4 (b) also clearly indicates that the A3 filter enhances the luminous efficacy of pc-LED more than the A1 and A2 LWPF. Here, we performed further variation experiments using pc-LEDs with A3 LWPF. Figure 5(a) shows the relative luminous efficacy and the relative quantum efficiency of the conventional and A3 LWPF pc-LED as a function of the phosphor concentration. The relative quantum efficiency is defined as 1.0 when the condition of the phosphor concentration of the conventional pc-LED is 5.0 wt%. As the phosphor concentration increases, the enhancements of luminous efficacy and quantum efficiency from the A3 LWPF pc-LED compared to the conventional pc-LED decrease. This occurs for the following reason. As the phosphor concentration increases, the thickness of the phosphor layer becomes thicker. Accordingly, the blue light is mostly blocked and is scattered and absorbed at the phosphor layer. As a result, the enhancement resulting from the recycled blue light is reduced. Figure 5(b) shows the relative intensities of the transmitted blue and amber light of the conventional and the A3 LWPF pc-LED as a function of the phosphor concentration. The amber intensity is highest at the phosphor concentration 20 wt %. For the conventional pc-LED, a large amount of blue pumping light from the blue LED source is transmitted forward at a low phosphor concentration. However, in the case of the A3 LWPF pc-LED, the blue light is blocked by the LWPF stack due to high reflectance band at the blue wavelength. In addition, the reflected blue light contributes to re-excitation at the amber phosphor layer. Hence, the amber intensity of the LWPF capped pc-LED is enhanced. The color purities of both pc LEDs with a LWPF and without a LWPF are shown in Fig.  6(a) . In this case, the color purity of the pc-LED with A3 is greater than 90% at all phosphor concentrations and greater than 96% at the phosphor concentration of 20 wt %. The phosphor concentration should reach 55 wt% to obtain high color purity that exceeds 96% for a pc-LED without a LWPF. Therefore, we emphasize that the use of a powder-based amber pc-LED can lead to high color purity at a low phosphor concentration when using the proposed LWPF. As shown in Fig. 5(a) and 6(a) , the capping of the A3 LWPF on the top of the silicate pc-LED (20 wt% phosphor concentration) resulted in a 1.25 fold increase in the relative luminous efficacy of the forward amber emission compared to that of a silicate pc-LED without a LWPF (55 wt% phosphor concentration) at equal-current (100 mA) and at a similar color purity. The emission spectrum of the A3 LWPF capped pc-LED shows a peak maximum wavelength of 590 nm (the inset in Fig. 6 (a) ). Figures 7(a) and 7(b) show the relative quantum efficiency and the relative luminous efficacy for both a conventional pumping blue LED (InGaN LED) and an amber LED (a pc-LED with an A3 filter at a phosphor concentration 20 wt%) as a function of the driving current. The relative quantum efficiency of the amber pc-LED with the LWPF is 37% of the blue-pumped LED at 100 mA (the regular current of our blue LED is 100 mA) and over 30% with up to 400 mA of current. As previously reported, the maximum external quantum efficiency (EQE), given as the ratio of emitted photons to the injected carriers, of a blue LED has been reported to be approximately ~65% thus far [15] . It can be supposed that the EQE of a silicate-powder-phosphor-based pc-LED with the A3 LWPF is 24% if the most efficient blue LED is used as a pumping LED for the LWPF capped pc-LED. This implies that the EQE of the LWPF capped silicate amber pc-LED remains above the performance of the direct AlGaInP amber LED, as the highest EQE of a direct amber LED was reported to be 11% [7] . Figure 7 (b) shows a similar trend in the relationship between the relative luminous efficacy and the current and that of the efficiency and the current. The luminous efficacy of the amber pc-LED with the A3 LWPF is 6.2 times higher than that of a conventional pumping blue LED at 100 mA. These figures also show that the relative luminescence efficiency and luminous efficacy of an amber LWPF pc-LED decrease slightly compared to those of a pumping blue LED as the applied current is increased. This is due to the current saturation and/or the thermal quenching of the silicate amber phosphors, as the current and temperature influence on the performance cannot be separated under direct voltage (dc) operation in this experiment.
The color stability with the driving current, as shown in Fig. 7(c) is excellent for an amber pc-LED with a LWPF. The amber pc-LED with the LWPF shows only small variations in its spectra over all drive dc-current conditions. In contrast, the conventional blue LED (InGaN) does not appear to be as stable. This is due to the general fact that the photoluminescence emission spectra of color-changing powder phosphors are more stable than the electroluminescence emission spectra of the pumping blue InGaN LED under different currents and temperatures [16] . Figure 8 plots the normalized luminous efficacy as a function of the viewing angle for the conventional blue LED and amber pc-LED with the LWPF. The luminous efficacies of both LEDs show Lambertian behaviors. Hence, the proposed amber pc-LED with the LWPF clearly shows comparable variations in its angular radiation patterns over a large angular span. We compare the equal-power luminous efficacy of a full down-conversion pc-LED with A3 LWPF (phosphor concentration, 20 wt%) and that of a full down-conversion directemitting pc-LED (phosphor concentration, 55 wt%) as a function of current density and ambient temperature, in order to address the superior optical properties of an LWPF capped pc-LED to those of a direct emitting pc-LED. Figure 9 shows that the luminous efficacy of the amber pc-LED with the LWPF is higher than that of an amber pc-LED without an LWPF over the whole experimental range of current density up to 200 mA and ambient temperature up to 120 °C at a similar color purity level. The luminous efficacy of full down conversion pc-LED with and without LWPF is 39.4 and 29.4 lm/W at 100 mA, respectively. The measured luminous efficacy of the amber pc-LED with the A3 LWPF is 1.34 times higher than that of a direct-emitting amber pc-LED. In addition, both samples also show similar current and temperature dependence of luminous efficacy irrespective of using LWPF. This means that an efficient monochromatic color is realized by the pc-LED using low-concentrated powder-type phosphors with the help of LWPF and that the current and temperature dependence of luminous efficacy of LWPF assisted pc-LEDs depend only on the material type of the phosphor and not on the presence of LWPF.
Conclusions
In summary, a highly efficient and high-color purity monochromatic amber pc-LED using a powder-based amber pc-LED combined with a LWPF was proposed and demonstrated. The capping by a blue-reflecting and amber-passing LWPF enhances the amber emission from the
